D
ue to the soybean [Glycine max (L.) Merr.] plant's ability to fix atmospheric nitrogen (N), phosphorus (P) and potassium (K) fertilization is likely the most critical annual management decision in a profitable soybean fertility program. The work by Hanway and Weber (1971a) in the 1960s has been the base understanding of soybean P and K utilization and requirements for decades. However, superior genetic yield potential (Rincker et al., 2014) , extended reproductive growth period (Zeiher et al., 1982) , and greater dry matter (DM) harvest index (Koester et al., 2014) of current varieties, in conjunction with better management practices (Rowntree et al., 2014) , have increased the frequency of growers achieving yields >5000 kg ha −1 . These factors have likely altered soybean P and K requirements and contributed to declining P and K soil-test levels of some US soybean production regions (Fixen et al., 2010) and possibly limited yield. Alternatively, total daily maximum loads within several major watersheds remains a critical issue for water quality, even though nutrient transport within certain watersheds has decreased within the past decade (Lerch et al., 2015) . Regardless, accurate estimates of soybean P and K requirements have the potential to increase grower profitability and reduce environmental
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ABSTRACT
Maintenance of adequate soil phosphorus (P) and potassium (K) levels is critical for profitable soybean [Glycine max (L.) Merr.] production.
To accomplish this, precise knowledge of soybean P and K uptake, utilization, and removal is critical, yet a comprehensive study characterizing these requirements across wideranging seed yield environments is nonexistent for modern soybean production systems. Using six site-years and eight soybean varieties, plants were sampled at six growth stages , partitioned into their respective plant parts, and analyzed. Distinctly different uptake patterns and rates were found between P and K, where soybean accumulated greater relative amounts of K by R1 and 91 to 100% of its season-long K total by R5.5, compared with only 68 to 77% of its season-long P total. Removal of P (0.0054 kg P kg −1 grain) and K (0.016 kg K kg −1 grain) with the seed was consistent across environments and varieties and displayed strong relations with yield (R 2 = 0.89-0.92). For each kilogram increase in yield, total P and K uptake increased by 0.0054 kg and 0.017 to 0.030 kg, respectively. The difference between total uptake and removal for each nutrient resulted in average nutrient harvest indices of 81 and 49% for P and K, respectively. However, significant variation in total uptake and nutrient harvest indices existed due to the environment, not variety, and was more pronounced for K, resulting in significant variability in the amount of K removed in stover. These results can be incorporated into future fertility recommendations to improve P and K management for profitable and environmentally sound soybean production.
impacts, particularly for P transport within the Mississippi Watershed, which accounts for ~90% of all US soybean hectares (USDA-ERS, 2014).
Soybean P and K requirements differ drastically, where total K uptake can be four to seven times greater than P uptake. In addition, various studies have reported different values at similar yield levels. Hanway and Weber (1971a) reported total K uptake of 92.6 kg ha −1 , compared with total P uptake of 22.6 kg ha −1 for a 3168-kg ha −1 soybean yield. Bender et al. (2015) reported similar P uptake of 21 kg ha −1
, but significantly higher K uptake (142 kg ha −1 ) for a 3480-kg ha −1 soybean yield. Mallarino et al. (2011) reported uptake of 23 and 169 kg ha −1 of P and K, respectively, for a 3832-kg ha −1 yield level. Although many published studies exist reporting different P and K uptake requirements at specific soybean yield levels, there is a lack of data quantifying the relationship between seed yield and total P and K uptake for different varieties and within different environments across a wide yield range (3000-6000 kg ha −1
). Precise knowledge of soybean uptake and partitioning patterns throughout the whole growing season could help explain total P and K uptake requirements. For instance, at R8, Bender et al. (2015) reported that 81% of total P uptake and 49% of total K uptake was partitioned to the seed compared with 72 and 62% of total P and K uptake, respectively, reported by Hanway and Weber (1971a) . Therefore, at an identical seed yield, a recent study (Bender et al., 2015) found lower P but greater K uptake compared with a previous study (Hanway and Weber, 1971a) . Although K uptake requirements are greater than those for P, the plant's reliance on vegetative remobilization after R5.5 was greater for P (69%) than K (35%) (Bender et al., 2015) . However, P and K partitioning was not investigated at different yield levels to understand remobilization dynamics as seed yield fluctuates.
Knowledge of peak uptake rates and periods could guide potential in-season P and K fertilizer applications to match peak soybean uptake demands, which may present environmental benefits. Past reports have determined peak P uptake rates near 0.4 kg ha −1 d −1 and peak K uptake rates ranging from 1.5 to 2.8 kg ha
. Although Bender et al. (2015) suggested that the peak P and K uptake periods occur at R4 and R3, respectively, others suggested that they range between the R1 and R4 growth stages (Hanway and Weber, 1971a; Farmaha et al., 2012) . The peak rate is important, but there is a lack of studies exploring uptake rates across the whole growing season that also measure uptake rates at different yield levels.
Many state P and K fertility recommendations employ a build and maintain approach where fertilizer application rates to maintain optimum soil-test levels are based on the amount of P and K removed in the grain portion of the crop, which is a product of seed concentration (%) and yield. A study conducted across 20 Iowa locations determined that soybean seed K concentrations are relatively constant across a yield range of 1870 to 4800 kg ha −1 , and therefore final yield predominantly determined total K removal (Clover and Mallarino, 2013) . The same conclusion was reported for seed P concentrations and removal by Mallarino et al. (2011) and McCollum (1991) . Thus, it is not surprising that different state fertility recommendations closely agree on soybean removal rates, which are between 0.005 to 0.006 kg P kg −1 grain and 0.017 to 0.021 kg K kg −1 grain (Vitosh et al., 1995; Fernández and Hoeft, 2012; Laboski and Peters, 2012; Mallarino et al., 2013) . However, seed P and K concentrations and subsequent removal have not been quantified across a yield range that surpasses 6000 kg ha −1
. If concentrations differ as yield increases, then maintenance fertilizer rates may need adjustment. Alternatively, if our findings agree with current extension recommendations, published removal rates across a wide yield range would increase grower confidence in these recommendations.
Although state extension guides and other sources often report soybean nutrient removal, the original studies on which those values are based are not cited. Moreover, the few published studies on soybean P and K uptake, partitioning, and removal (Hanway and Weber, 1971a; Bender et al., 2015) have reported results at single yield levels, thus critically limiting their widespread applicability because soybean yields vary significantly both spatially and temporally. Also, the fundamental work by Hanway and Weber (1971a , 1971b , 1971c ) is likely not applicable to modern genetics and production practices, whereas the recent study by Bender et al. (2015) only employed two varieties and three similar site-years and did not separately analyze petioles, fallen leaves, and fallen petioles even though these plant parts represent as much as 40% of total soybean DM during the growing season (Hanway and Weber, 1971c) . Hence, a comprehensive study across a wide yield range of 3000 to 6000 kg ha −1 would be particularly valuable. Therefore, the objective of our study was to quantify and model P and K uptake, partitioning, and removal patterns and rates across a wide environmental and genetic assortment and, therefore, yield range to compliment and improve on current soybean P and K requirements. Our hypothesis is that P and K uptake, partitioning, and therefore removal have significantly changed from previous reports by Hanway and Weber (1971a , 1971b , 1971c , due in part to physiological changes (Rowntree et al., 2014) and increased yields achieved by modern elite soybean varieties.
MATERIALS AND METHODS
Field trial establishment, experimental design, and biomass sampling procedures are described in detail by Gaspar et al. (2017) and therefore are only briefly reiterated in this section. the estimated model parameters generated by PROC MIXED and Eq. [1] (Littell et al., 2006) :
Phosphorus and K uptake, partitioning, and remobilization between various plant parts was modeled across the whole growing season using days after emergence (DAE). Three figures were generated for both P and K to assess changes between relatively low (3608 kg h− ) yield levels. These yield levels approximately represent the 25th, 50th, and 75th quantiles of the data. These figures were built in SigmaPlot (Systat Software, 2013) using the multiple spline curve option with smoothed data points, where all units are expressed on a dry-weight basis. In addition, a threeparameter logistic growth model (Eq. [2]) was used to determine the rates of P and K uptake throughout the growing season for all three yield levels. The peak period and rate of uptake were determined according to the standard error of the model, and R 2 values for both P and K models were greater than 0.98:
RESULTS AND DISCUSSION
The growing conditions at each location for 2014 and 2015 are described in detail in the companion publication (Gaspar et al., 2017) . In general, both growing seasons were conducive to good soybean seed yields, with 2015 producing record and near-record yields in Minnesota and Wisconsin, respectively (USDA-NASS, 2016).
Phosphorus Uptake
Total P uptake was affected by environment but not by variety, and neither interacted with the covariate, seed yield, which was associated with total P uptake ( Table 1 ). Due to no interaction between the environment and seed yield, a common linear slope for P uptake Field trials were conducted at three locations during 2014 and 2015, for a total of six environments (locations ´ year). Locations included Arlington and Hancock, WI, and St. Paul, MN. The trials were a randomized complete block design in a splitplot arrangement with four replicates. The whole-plot factor was two planting dates, and the subplot was a factorial of eight different indeterminate soybean varieties. The planting dates and varieties in conjunction with the six environments created a sufficient yield range (3000 to >6000 kg ha −1 ), which was critical for this study. Soil samples were taken each spring, and fertilizer was applied when required for a yield goal of 6700 kg ha −1 . Aboveground plant biomass sampling, processing, and analysis methods used were identical to those described in Gaspar et al. (2017) , except the P and K concentration for all samples (>6600 kg ha −1 ) was determined using a hot acid digestion followed by inductively coupled plasma (ICP) spectrometry analysis (Horwitz and Latimer, 2011) performed by Ag Sources Laboratories (Bonduel, WI). The tissue concentration, dry weights, and sample area were used to mathematically derive the nutrient content (kg ha .
Statistical Analysis
Statistical analysis was performed using PROC MIXED in SAS (SAS Institute, 2010) . The effects of environment, variety, seed yield (covariate), and their interactions on total plant uptake, removal, seed concentration, and nutrient harvest index at R8 for P and K were examined. Methods described by Engqvist (2005) and Littell et al. (2006) for an analysis of covariance (ANCOVA) were employed, where the final model for each variable was determined using a backward stepwise selection process in which the full model is considered first and factors and their interactions are removed until all factors that remain are significant. Boxplots and residual plots were evaluated to confirm variance assumptions, whereas normality was assessed using PROC UNIVARIATE in SAS (Oehlert, 2000; SAS Institute, 2010) . Data were analyzed using replicate within environment and the overall error term as random effects (Littell et al., 2006) . The level of significance was set at 10%, and means comparisons were conducted according to Fisher's protected LSD. The Kenward-Rogers method was used to calculate degrees of freedom. Regression equations from the ANCOVA were estimated when appropriate for all effects, and coefficient of determination (R 2 ) values were calculated using Table 1 . Analysis of covariance for total phosphorus (P) and potassium (K) uptake, seed concentration, harvest index, and removal at growth stage R8.
Source † df
Total P uptake
P harvest index
Seed P concentration (0.0054 kg kg −1 grain) was found across all environments (R 2 = 0.56-0.84) ( Table 2 ). Therefore, pooled across all environments, a 4421-kg ha −1 yield level acquired 29.3 kg P ha −1 . However, there were significant differences between environments where uptake at the same yield level was only 25.4 kg P ha −1 at Arlington in 2014, but 32.5 kg P ha −1 at St. Paul in 2015 (Table 2 ). Early-season P uptake was minimal with only 15 (3.6 kg P ha ) yield levels, respectively (Fig. 1) . These values are slightly higher than the 3.0 kg P ha −1 reported by Farmaha et al. (2012) . After reproductive growth was initiated, P uptake increased drastically, reaching 50% of total uptake by R4, which matches results reported by Bender et al. (2015) and Hanway and Weber (1971a) . Although the percentage of total P uptake by the R4 growth stage was similar between yield levels, the amount of P taken up after R5.5 differed between the low (22.8%), average (27.2%), and high (32.2%) yield levels and was greater than the 12% reported by Hanway and Weber (1971a) , demonstrating greater reliance on late-season P uptake for higher yields (Fig. 1 ).
The limited P uptake by R1 can be attributed to a lag phase for early-season P uptake rates, which were <0.1 kg P ha −1 d −1 for the first 20 DAE. However, by V4, the high yield level uptake rate (0.22 kg P ha
) was greater than those at the average (0.19 kg P ha
) and low (0.17 kg P ha
) yield levels (Fig. 2 ). This was due to the higher yield level experiencing a shorter duration within the lag phase of P uptake. The gradual separation between the uptake rates for each yield level continued to increase until peak rates were attained shortly after R3, compared with R4 as reported by Bender et al. (2015) . Peak uptake rates for the low, average, and high yield levels were 0.42, 0.48, and 0.56 kg P ha
, respectively. Furthermore, the high yield level sustained a longer duration of peak uptake, lasting for ~14 d (Fig. 2) . Previously reported peak uptake rates, 0.4 (Bender et al., 2015) and 0.34 kg P ha
−1 (Hanway and Weber, 1971a) , are lower than those Table 2 . Total phosphorus (P) uptake regression over seed yield equations and P uptake, within each environment, at the mean seed yield.
Linear regression †: .5 a † P = total P uptake. Y = seed yield. B = slope. A = intercept. A common slope is displayed due to no interaction between environments and seed yield, the covariate. ‡ Comparisons are made for total P uptake at the mean level of the covariate (seed yield) and reflect the intercept differences. § Values followed by the same letter are not significantly different at P £ 0.10. , middle), and high (5483 kg ha −1 required at a given yield level varied between environments but increased at the same rate (0.0054 kg P kg −1 grain) as yield increased. Furthermore, a shorter duration in the lag phase of early-season P uptake, a higher peak P uptake rate, an extended peak uptake period, and greater late-season uptake amounts and rates were all consistent with greater total P uptake for the high yield level (36.6 kg P ha ) levels ( Fig. 1 and 2 , Table 3 ).
Potassium Uptake
Total K uptake was much greater than P uptake. Like P uptake, variety did not affect total K uptake. However, there was a significant environment ´ seed yield interaction for total K uptake, and therefore the slope describing the relation between K uptake and yield differed between environments (Table 1 ). Potassium uptake increased by 0.017 kg K (R 2 = 0.54) for each 1-kg increase in yield at Arlington in 2014, and by 0.030 kg K (R 2 = 0.58) at St. Paul in 2014, with slopes for the remaining environments falling between these two (R 2 = 0.33-0.74) ( Table 4) . Combined difference between slopes and intercepts resulted in a large range of K uptake from 104.2 to 150.9 kg K ha −1 at a 3000-kg ha −1 yield level. At a 6000-kg ha −1 yield level, uptake at Arlington was 156.5 kg K ha −1 in 2014 compared with 213.8 kg K ha −1 in 2015 (Table 4) . Similar instances of luxury K uptake have been demonstrated where soil K supply was excessively high (Clover and Mallarino, 2013) . Quantification of the variability in K uptake between environments (~55 kg ha −1 ) and yield levels is valuable in assessing soybean K requirements but has been lacking in past K uptake studies (Hanway and Weber, 1971a; Farmaha et al., 2012; Bender et al., 2015) .
Early-season K uptake was much greater than P uptake in both actual (kg ha −1 ) and relative (%) quantities. At R1, reported in the current study and are most likely due to the reduced yield levels produced in those studies. However, one study reported a peak uptake rate of 1.35 kg P ha −1 d −1 for a 6790-kg ha −1 yield level (Flannery, 1986) , but the aim of that study was to remove all limiting factors such as water stress, which was not the aim of the current study and is unrealistic for most production systems. After peak uptake rates were reached, a similar decrease in the P uptake rate was found for all yield levels until maturity, where uptake rates were <0.16 kg P ha −1 d −1 but still greater for the high yield level (Fig. 2) .
In general, total P uptake followed similar trends to N uptake reported by Gaspar et al. (2017) , where uptake ). The uptake rate is graphically shown at 30 d after emergence for the three yield levels. Vertical lines represent the point of peak accumulation, and horizontal cross lines represent the peak uptake period within the standard error of the peak uptake point estimate. Table 3 . Phosphorus (P) partitioning summary statistics for relatively low, average, and high seed yield figures (Fig. 1) . ) and (%) 11.1 (69.4) 12.5 (69.0) 13.9 (66.4) † Related to the specific graph's relative position within the three stacked graphs for P. ‡ Seed yield is reported at 130 g kg −1 moisture, whereas all other estimates are reported on a dry-matter basis. § Means for total P uptake, P removal, and P harvest index are followed by the standard error of the estimate. ¶ Represents the portion of total seed P that is accumulated from R5 through R8 by continued uptake from the soil. Total kg ha −1 are reported followed by the percentage of total seed P it represents in parenthesis.
# Represents the portion of P accumulated in the stems, petioles, leaves, and pods that was remobilized to the seed from R5.5 through R8. Total kg ha −1 are reported followed by the percentage of vegetative P it represents in parenthesis. ) of the total season-long K acquired at the low, average, and high yield levels, respectively (Fig. 3) . Again, Farmaha et al. (2012) reported lower uptake at R1 (20 kg K ha −1 ), likely due to the lower yields produced in their study. Unlike P uptake ( Fig. 1) and N uptake reported by Gaspar et al. (2017) , K uptake reached 50% of total uptake much earlier, before R3, and was consistent between yield levels. Furthermore, by R5.5, total K uptake neared completion. In fact, at the low yield level, no net K was taken up after R5.5, whereas the average and high yield levels had accumulated 97 and 91% of the total season-long K by this stage (Fig. 3) . For that reason, applications of K to correct late-season deficiencies are likely of little value, especially after R5.5, which agrees with the findings of Sale and Campbell (1986) . Hanway and Weber (1971a) reported that 90% of total K uptake was acquired by R5.5, and Bender et al. (2015) reported 93% at a seed yield comparable to our low yield level (3608 kg ha −1 ). Although the higher yield level did acquire more K than the low yield level after R5.5 (9 vs. 0%, respectively), at the average yield level, late-season accumulation of K (3%) was not as pronounced as late-season P (27.2%) (Fig. 1) and N (34.7%) uptake (Gaspar et al., 2017) . Furthermore, at R5.5, nearly all K had been accumulated, yet seeds per square meter and seed size are far from being determined at that growth stage. Thus, seed yield can vary greatly depending on late-season (R5.5-R8) growing conditions (Schapaugh, 2012) , whereas final K uptake is largely completed prior to this period (Fig. 3) . The fact that these two instancesthe point when most K was accumulated and the seed-fill period-did not heavily overlap almost certainly contributed to instances of a poor relationship between total K uptake and seed yield within different environments (R 2 = 0.33-0.74) ( Table 4 ). For instance, if growing conditions prior to R5.5 are near normal for plant growth and K accumulation, but conditions after R5.5 are not conducive for relatively average yields, luxury K accumulation likely results, particularly when soil K levels are high. Potassium uptake rates showed a lag phase similar to P uptake rates within the first 20 DAE but then increased linearly to an uptake rate of ~1 kg K ha
by V4 (Fig. 4) . Interestingly, the K uptake rate at V4 did not differ between the three yield levels (Fig. 4) as the P uptake rate (Fig. 2) and N uptake rate reported by Gaspar et al. (2017) did. In addition, late-season uptake rates were similar between the low, average, and high yield levels. Therefore, the differences in total K uptake between the low, average, and high yield levels were mainly due to the large differences in peak uptake rates. Peak uptake rates were reached shortly after R2 and were 1.7, 2.0, and 2.5 kg K ha −1 d −1 for the low, average, and high yield levels, respectively (Fig. 4) . Hanway and Weber (1971a) reported a peak uptake rate of 1.5 kg K ha −1 d −1 . Potassium uptake showed significantly different trends than P uptake, where total K uptake required at a given yield level varied greatly due to differences between environments and the rate at which K uptake increased with yield (0.0.017-0.03 kg K kg −1 grain). Moreover, the moderate relation between seed yield and K uptake was likely the result of ~93% of total K being accumulated prior to R5.5 (Fig. 3, Table 4 ). However, similar to P, a higher peak K uptake rate and slightly greater late-season uptake amounts were consistent with greater total K uptake for the high yield level (192 kg K ha ) levels ( Fig. 3 and 4 , Table 5 ).
Phosphorus Partitioning
Phosphorus accumulated prior to R1 was mainly partitioned into leaf tissue (64%), and thereafter, an increasing amount was allocated to the stems. Pooled across all yield levels and therefore differing in amounts of total P, 75% of the P accumulated by R4 was partitioned to leaf and stem tissue (Fig. 1) . However, this changed as the soybean progressed through the growing season due to further DM accumulation and shifts in tissue P concentrations. For instance, at R5.5, P partitioned into the leaves and stems was 28.6 and 27.6%, respectively, with the remainder in the pods (16.0%), seeds (15.4%), petioles (10.8%), and fallen leaves and petioles (<2%) (Fig. 1 ). In comparison with N partitioning at R5.5 reported by Gaspar et al. (2017) , a smaller relative amount of P was partitioned to the leaves (28.6% P vs. 43.7% N), whereas a greater amount was partitioned to the stems (27.6% P vs. 16.2% N), pods (16.0% P vs. 13.9% N), and petioles (10.8% P vs. 5.4% N). This suggests that soybean relies on different plant parts more uniformly for P storage and subsequent remobilization to the seed, whereas N relied primarily on leaves as the main storage organ (Hanway and Weber, 1971a; Bender et al., 2015; Gaspar et al., 2017) .
The largest change in P concentrations occurred after R5.5, when P stored in vegetative tissue (stems, petioles, leaves, and pods) began rapid remobilization to the seed, and all P uptake thereafter was directed toward the seed (Fig. 1) . From growth stage R5.5 to maturity, 11.1, 12.5, and 13.9 kg P ha −1 , or on a relative basis, 69.4, 69.0, and 66.4% of total vegetative P was remobilized to the seed for the low, average, and high yield levels, respectively (Fig. 1,  Table 3 ). Hanway and Weber (1971a) reported lower relative P remobilization (56%), whereas Bender et al. (2015) reported remobilization (69%) that is in line with our findings at the low yield level, which is the fairest comparison, suggesting greater vegetative P remobilization capacities within current production realities. Interestingly, the relative amount of vegetative P remobilized closely matches that of vegetative N (66.7-69.2%) (Gaspar et al., 2017) . The combination of greater P remobilization (69 vs. 56%) and uptake past R5.5 (23 vs. 12%) in our study compared with Hanway and Weber (1971a) suggests a fundamental shift in seed P supply dynamics, where old varieties and production practices resulted in not only a greater percentage of P taken up before R5.5, but also less efficient remobilization of this vegetative P to the seed. The same shift was reported for N (Gaspar et al., 2017) .
Seed P accrued after R5 from continued uptake was greatest for the high yield level (52.9%), compared with the average (47.5%) and low (42.7%) yield levels (Table 3) . Hanway and Weber (1971a) reported that 51% of total seed P was attributed to uptake after R5, whereas Bender et al. (2015) showed 47%, but both of those findings were at yield levels similar to our low yield level (3608 kg ha −1 ). To meet seed P demands, higher yields (>5034 kg ha −1 ) relied slightly more on continued uptake after R5 (52.9%) as ). The uptake rate is graphically shown at 30 d after emergence for the three yield levels. Vertical lines represent the point of peak uptake and horizontal cross lines represent the peak uptake period within the standard error of the peak uptake point estimate.
an alternative to vegetative P remobilization (47.1%) after R5.5. In contrast, at lower yields (<4027 kg ha −1 ), greater reliance was placed on remobilization (57.3%) than continued uptake (42.7%). However, the difference between these relative percentages (42.7-52.9%) only accounted for 2 to 4 kg P ha −1
, and therefore approximate seed P contributions of 50% from continued uptake and 50% from vegetative remobilization are likely adequate estimates for most situations (Fig. 1, Table 3 ).
Our findings showed that P uptake was partitioned more equally between the various vegetative plant parts for subsequent remobilization to the seed but still used leaves as the prevalent storage organ, similarly to N. In addition, the relative amounts of P and N remobilized after R5.5 to the seed closely matched (66-70%) (Gaspar et al., 2017) . Current varieties within modern production systems may have a greater P remobilization capacity, yet seed P accumulation relied nearly the same on vegetative remobilization and continued uptake past R5.5 to meet seed P demands, regardless of yield.
Potassium Partitioning
Pooled across all yield levels, K was more equally distributed between stems (31%), petioles (26%), and leaves (43%) at R1 than P ( Fig. 1 and 3 ). Due to a large percentage of K uptake occurring prior to R5.5 (91-100%), greater amounts of K than P were stored in vegetative plant parts. At the average yield level, 88% (137 kg K ha −1 ) of the total season-long K uptake was stored in vegetative tissue at R5.5. In comparison, only 62% (18 kg P ha −1 ) of the total season-long P uptake was stored in vegetative tissue at R5.5 and was partitioned more heavily to leaf and stem tissue, which contained 56% of the total P at this time. Alternatively, K uptake by R5.5, like at R1, was more equally distributed between all vegetative plant parts. In particular, greater relative quantities of K uptake (21.0%) were held in the petioles than P (10.8%) (Fig. 1) and N (5.4%) uptake at R5.5 (Gaspar et al., 2017) , establishing the importance of petioles as a K storage organ for subsequent remobilization (Fig. 3) .
After R5.5, continued K uptake was partitioned to the seed, but unlike P (Fig. 1) and N (Gaspar et al., 2017) , K was also partitioned to pod tissue. Although the K concentration in pod tissue decreased from 2.70 to 2.42% between growth stages R5.5 and R8, the additional pod DM accumulated was great enough to result in a net increase in pod K from R5.5 (25.2 kg K ha ), across all yield levels (Fig. 3) . From R5.5 to maturity, 56.7, 57.3, and 59.1 kg K ha −1 , or on a relative basis, 46.3, 41.9, and 37.3% of total vegetative K was remobilized to the seed for the low, average, and high yield levels, respectively (Fig. 3 , Table 5 ). These relative remobilization values are drastically lower than those reported for N (Gaspar et al., 2017) and P, which ranged from 66 to 70%. However, compared with the low yield level (46.3%), which is the fairest comparison, Hanway and Weber (1971a) reported similar K remobilization (45%), whereas Bender et al. (2015) reported lower remobilization (36%).
Seed K accrued after R5 from continued uptake was greatest for the high yield level (36.8%) compared with the average (24.3%) and low (9.4%) yield levels, and the remainder was supplied through vegetative K remobilization (Table 5 ). Although uptake after R5.5 for the high yield level only accounted for 9% of total uptake, this was an important source of K for the seed (36.8%) during seed fill (Fig. 3) . In contrast, the low yield level drew >90% of its seed K come from vegetative remobilization. The drastic alterations in the source of K for the sink seed (continued uptake vs. remobilization) at different yield levels demonstrate a balancing act. For instance, when yield was relatively low and remobilization could meet seed K demands, continued uptake was not heavily relied on (9.4%). However, when yield was relatively greater and remobilization could not meet seed K demands, the Table 5 . Potassium (K) partitioning summary statistics for relatively low, average, and high seed yield figures (Fig. 3) . 3) † Related to the specific graph's relative position within the three stacked graphs for K. ‡ Seed yield is reported at 130 g kg −1 moisture, whereas all other estimates are reported on a dry-matter basis. § Means for total K uptake, K removal, and K harvest index are followed by the standard error of the estimate. ¶ Represents the portion of total seed K that is accumulated from R5 through R8 by continued uptake from the soil. Total kg ha −1 are reported followed by the percentage of total seed K it represents in parenthesis.
# Represents the portion of K accumulated in the stems, petioles, and leaves that was remobilized to the seed from R5.5 through R8. Total kg ha −1 are reported followed by the percentage of vegetative K it represents in parenthesis.
soybean plant continued to accumulate K from the soil, which represented 36.8% of seed K at the high yield level (Fig. 3, Table 5 ).
Potassium uptake was more equally partitioned to different vegetative plant parts than P and N (Gaspar et al., 2017) , with significant amounts of K partitioned to petiole tissue. After R5.5, vegetative K was not remobilized efficiently to the seed (37.3-46.3%) but still supplied as much as 63.2 and 90.6% of K accumulated in the seed, at the high and low yield levels, respectively. Conversely, N (Gaspar et al., 2017) and P demonstrated greater vegetative remobilization (66-70%) than K, but this remobilization accounted for <60% of total seed N and P (Fig. 1) . The ability for <50% of vegetative K to supply up to 91% of seed K is due to a large amount of the total season-long K uptake (88%) being acquired in vegetative tissue prior to R5.5. However, continued K uptake past R5 was associated with higher yields, but not to the extent of P and N (Gaspar et al., 2017) , demonstrating the greater reliance on vegetative K remobilization to meet seed K demands at all yield levels, which was particularly evident at the low yield level.
P and K Removal
Seed K concentrations have been shown to vary between high and low soil-test K levels (Parvej et al., 2016) . However, our soil-test K levels were more than adequate (Laboski and Peters, 2012) , and therefore seed K concentrations along with seed P concentrations at R8 were not affected by any factor (P > 0.18). This is in agreement with our findings for seed P and K removal, which were not affected by environment or variety, nor did these factors interact with seed yield (Table 1) . Therefore, single equations could explain the relation of seed P and seed K removal with yield across all environments and varieties. The slope of 0.0054 kg P kg −1 grain with an intercept of −0.158 kg P ha −1 (R 2 = 0.89) resulted in 23.8 kg P ha −1 being removed with the seed at a 4421-kg ha −1 yield level (Fig. 5) . In comparison, at the same yield level, K removal was nearly threefold greater (75.5 kg K ha −1 ) due to differences in seed nutrient concentrations, which were 0.62 and 1.97% on a DM basis for P and K, respectively (Fig. 6) . The relation between K removal and yield was described by a slope of 0.016 kg K kg −1 grain with an intercept of 3.909 kg K ha −1 and was slightly stronger (R 2 = 0.92) than the yield-P removal (Fig. 5) and yield-N removal (R 2 = 0.89) relationships (Gaspar et al., 2017) . According to the current study, a 4421-kg ha −1 soybean crop would remove ~ 55 and 91 kg ha ) with the seed at harvest (Bender et al., 2013 ).
There was a significant environment ´ seed yield interaction for both P and K harvest indices (PHI and KHI, Table 1 ). The PHI increased between 0.0012 and 0.0061% and the KHI between 0.0017 and 0.0052% for each 1-kg increase in yield, depending on the environment. Although the PHI and KHI did increase with yield, the strength of these relationships was lacking, with R 2 values ranging between 0.01 and 0.42 (Tables 6 and  7) . Combined difference between slopes and intercepts resulted in a large range in PHIs from 66.0 to 90.1% and KHIs from 35.6 to 65.4%, depending on the environment and yield level (Tables 6 and 7) . Bender et al. (2015) and Hanway and Weber (1971a) reported PHIs of 81 and 72%, respectively, which fell within our reported PHI range, but they did not quantify the variation of these estimates. Due to the small gain in PHI with increasing yield and the large amount of variation within this relationship, the PHI for the high (81.2%) yield level only differed from the low (80.5%) yield level and not the average (81.5%) (Fig. 1,  Table 3 ). Interestingly, the PHI found in this study at the average yield level was uniquely close to the N harvest index (83.3%) reported by Gaspar et al. (2017) and agrees with the PHI reported by Bender et al. (2015) . As stated before, nearly 88% of the total season-long K uptake was acquired in vegetative tissue by R5.5 for the average yield level. However, only 42% of this vegetative K was remobilized to the seed, and thus a large portion of total K uptake remained in the stems, petioles, leaves, and pods at maturity, resulting in a KHI of 49.6%. This KHI was lower than that reported by Hanway and Weber (1971a) (62%) but the same as that reported by Bender et al. (2015) and did not differ from the high (49.4%) and low (48.9) yield levels (Fig. 3, Table 5 ). Greater vegetative K remobilization (50%) reported by Hanway and Weber (1971a) than by the current study and Bender et al. (2015) likely resulted in the inflated KHI.
Harvesting the nongrain portion (stover) of the plant for animal bedding and/or feed is a common practice in many cattle-producing regions, resulting in the removal of additional P and K at harvest. Unlike K removal with the seed, significant variability in both the KHI (±17%) and total K uptake (±55 kg ha −1 ) at a specific yield level was observed and could make accurate estimation of stover K content (kg K ha −1 ) difficult (Tables 4 and 7) . With >50% of total K uptake potentially in the stover at harvest, inaccurate estimation of K removed in stover could significantly accelerate soil K depletion (Fixen et al., 2010) . Further complexity is added to estimating stover K content due to the water solubility of the K ion (K + ) and its potential to leach from stover based on rainfall amounts and the grain-stover harvest interval. However, more frequent soil sampling could counter stover K removal variability and ensure that adequate K fertilizer rates are applied where soybean stover is harvested. The same conclusion can be made for P concerning stover harvest; however, due to a larger nutrient harvest index (~81%) and lower total P uptake (kg P ha −1 ), the variability was much less (<4 kg P ha −1
) and likely not a concerning factor. The utilization of a greater KHI or PHI to meet seed P and K demands as yields increased was not as pronounced as that of the N harvest index (Gaspar et al., 2017) and was likely due to the larger variation that existed in the yield-PHI and yield-KHI relations (R 2 < 0.42). Therefore, accurate prediction of the PHI and KHI is difficult but, across all yield levels, averaged ~81 and 49%, respectively, and still varied due to the environment, not variety. 
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CONCLUSIONS
Our study indicates that accumulation by R1 was minimal for P but accounted for nearly a quarter of total K uptake, which was more evenly distributed to different plant parts, such as the petioles. This trend continued through R5.5, a point where K uptake reached 91 to 100% of the total, compared with only 68 to 77% of the total P uptake. Due to the large amount of K held in vegetative plant parts prior to seed fill, seed K accumulation relied heavily on vegetative remobilization, which supplied between 63 and 91% of seed K. However, this represented only 37 to 46% of vegetative K, and therefore a significantly lower nutrient harvest index was realized for K (49%) compared with P (81%) and N (83%) (Gaspar et al., 2017) . The larger PHI was a result of vegetative tissue acquiring less of the total season-long P uptake by R5.5 (57-66%) and greater subsequent remobilization of this vegetative P to the seed (66-69%). Potassium removed with the seed (0.016 kg K kg −1 grain) was nearly threefold greater than P removal (0.0054 kg P kg −1 grain), whereas total K uptake was nearly fivefold greater than total P uptake. For comparison, total P uptake (29.3 kg P ha −1 ) for a 4421-kg ha −1 soybean yield was half that of a comparable 12,000-kg ha −1 corn yield, whereas total K uptake was almost identical between the two crops (Bender et al., 2013) . However, P and K uptake varied by environment, and for that reason, their absolute values at a specific yield level will vary, meaning their requirements are likely field and year specific, but not variety specific. Moreover, the substantially large K uptake requirement, combined with a low harvest index (49.6%), makes stover harvest a significant and variable K removal source.
Finally, these results highlight the drastic difference in soybean uptake, utilization, and removal of P and K across a wide yield range (~3,000-6000 kg ha −1 ), allowing broader application of these results than previous studies (Hanway and Weber, 1971a; Bender et al., 2015) . Integration of these findings, such as when and where nutrients are accumulated, in addition to the amount of P and K required, can contribute to future fertility recommendations to ensure economically viable soybean production while reducing environmental impacts.
